Background: Multiple sclerosis (MS) biomarker identification is important for pathogenesis research and diagnosis in routine clinical practice. Cerebrospinal fluid (CSF) and blood cytokines as potential biomarkers that can inform MS pathogenesis, diagnosis and response to treatment have been assessed in numerous studies. However, there have been no comprehensive meta-analyses to pool cytokine data and to address their diagnostic performance. We systematically reviewed literature with meta-analyses to assess the alteration levels of cytokines and chemokines in MS. and meta-analysis. Data were extracted from 226 included studies encompassing 13,526 MS patients and 8,428 controls. Biomarker performance was rated by a random-effects meta-analysis based on the standard mean difference between cytokine concentration in patients with MS and controls, or patients before and after treatments.
INTRODUCTION
Multiple sclerosis (MS) is the most common autoimmune disease that affects the central nervous system (Berer and Krishnamoorthy, 2014) . The prevalence of MS varies greatly in different regions and it was found to be significantly associated with latitude (Simpson et al., 2011) . There are several forms of the disease and ∼85% of cases are presented as relapsingremitting MS (RRMS) initially, and most RRMS patients convert to secondary progressive MS (SPMS) after 10-20 years of disease progression, while the remaining 15% of cases experience a primary progressive disease course (PPMS) (Sartori et al., 2017; Bonin et al., 2018) . Although the underlying mechanism for MS is believed to be either an immune system dysfunction or the neurodegeneration of myelin-producing cells (Schreiner and Becher, 2015) , the cause for the destruction of the immune system or neurodegeneration is currently poorly understood. Currently, there is no treatment to cure the disease, and the traditional first-line medications for treatments of MS are interferon-beta and glatiramer acetate with moderate effects; and a substantial number of patients fail to respond to these treatments (Mahurkar et al., 2014) . However, more recently developed drugs such as natalizumab, alemtuzumab, and ocrelizumab have shown to effectively slow the disease progression down for some MS patients. Nevertheless, there is a need to better understand the etiology of MS and to develop disease modifying treatments.
Although the primary nature of MS pathogenesis is still under debate, overall evidence from pre-clinical and clinical studies overwhelmingly support the concept that MS commences in the immune system and that the demyelination of the central nervous system is the wrong target of the immune attack (Schreiner and Becher, 2015) . In fact, the earlier predominant view was that MS is a disease driven by Th1 cells which produce high levels of pro-inflammatory cytokines including IFN-γ and IL-12, and the preponderance of Th1 over Th2 cells contributed to the shift toward a pro-inflammatory profile in patients during MS relapse (Steinman, 2007) . However, more recent studies have emphasized a critical role of Th17 cells in neuroinflammation and MS pathogenesis, which involves the aberrations of cytokine IL-17 and IL-23 in the disease (Luchtman et al., 2014) . Nevertheless, a cytokine-mediated inflammatory response is believed to be a key process of the autoimmune attack, and the derailed immune communication orchestrated by the cytokines provide attractive targets for the immunotherapy of MS (Schreiner and Becher, 2015) . In fact, research on the role of cytokines in MS has exploded over the last several decades, in the hope of gaining insight into the pathogenesis of MS and providing biomarkers for the diagnosis, prognosis, and response to drug treatment, and eventually in developing disease modifying treatments (Amedei et al., 2012; Fitzner et al., 2015; Yadav et al., 2015) . Indeed, a large number of clinical studies showed increased pro-inflammatory cytokines in the blood and cerebrospinal fluid (CSF) of patients with MS, these cytokines include TNF-α, IL-17, CXCL8, IL-17, IL-23, and CXCL-13 (Drulovic et al., 1997, 1998; Lund et al., 2004; Ragheb et al., 2011; Alvarez et al., 2013; Huber et al., 2014; Babaloo et al., 2015; Farrokhi et al., 2015; Salehi et al., 2016; Bonin et al., 2018) . However, the clinical data for the significant associations between circulating cytokines and MS were inconsistent for individual cytokines and between studies.
To analyze CSF and blood cytokine aberrations in MS patients, we systematically searched the literature and performed meta-analyses to allow data from individual studies to be pooled quantitatively, to strengthen the clinical data of inflammatory cytokine profile in MS.
MATERIALS AND METHODS
The systematic review and meta-analysis performed in this study followed guidelines that are recommended by the PRISMA statement (Preferred Reporting Items for Systematic Reviews and Meta-analysis; Moher et al., 2009 ).
Search Strategy and Study Selection
The systematic review of English-language articles was performed by five independent investigators from the databases of PubMed and Web of Science between January 1, 1990 and April 30, 2018. The search term was: (inflammation or cytokine or chemokine or tumor necrosis factor or interleukin or interferon or C-reactive protein) AND multiple sclerosis. Cross sectional studies reporting data on blood or CSF cytokine concentrations in patients with MS and controls were included, and longitudinal studies analyzing circulating cytokine changes for drug treatments in MS patients were also included. Controls included healthy control subjects and patients with other diseases. It should be noted that many CSF studies used patients with other diseases as controls because it was difficult to obtain CSF samples from healthy subjects, whereas only a few blood studies used patients with other diseases as controls. The exclusion criteria were: (1) in vitro studies which reported stimulated or unstimulated levels of cytokines; (2) same patient samples with other studies; (3) samples were taken after patients died; (4) Cytokines were assessed in <3 studies; (5) without a control group.
Data Extraction
The data were extracted by two investigators and checked by another two investigators. We extracted sample size, mean cytokine concentrations with standard deviation (s.d.) and Pvalues from the included studies as the primary outcomes.
Data on age, gender, publication year, disease severity (Expanded Disability Status Scale, EDSS), MS subtype, country, sampling source, assay type, and medication status were also extracted for potential moderator analyses (Supplementary Material eTable 1). The medication included treatments with IFN-beta, methylprednisolone, natalizumab, fingolimod and rituximab. The quality of the studies was assessed by the Newcastle-Ottawa quality assessment scale (Supplementary Material eTable 2).
Statistical Analysis
The Comprehensive Meta-analysis software (version 2; Biostat Inc.) was used to perform all the statistical analyses in this study. Sample size and mean cytokine concentration with s.d. were primarily used to generate effective sizes (ESs), and ESs were generated by sample size and P-value if cytokine concentration data were not available. ESs were calculated by standardized mean differences (SMD) in cytokine concentrations between patients with MS and the controls, or before and after drug treatment for MS patients. We calculated an ES estimate for each blood or CSF cytokine analyzed in this meta-analysis. The random-effects meta-analysis was chosen for this study because we hypothesized that both between-study and withinstudy variances affected the true ES.
We used the Cochrane Q test and I 2 statistic to assess between-study heterogeneity, and I 2 statistics of 0.25, 0.5, and 0.75 are considered to be small, moderate, and high levels of heterogeneity, respectively (Qin et al., 2016) . We performed unrestricted maximum-likelihood random-effects meta-regressions to analyze whether the outcomes of the metaanalysis were affected by the continuous variables, including age, gender (proportion of male subjects), and disease severity. In addition, the Egger test was used to assess the publication bias.
P-values less than 0.05 were considered statistically significant in all the analyses except for the Cochrane Q-test, the statistical significance of which was set for P < 0.1. 
RESULTS
The initial keyword search identified 16,721 records from PubMed and 22,952 records from Web of Science. After screening the titles and abstracts, 364 articles were selected for full text scrutiny. Of the 364 articles, 138 Studies were excluded due to: not having a control group (44 studies); samples overlapped with other studies (9 studies); studies with in vitro cytokine data (30 studies); samples were taken after patients died (22 studies); cytokines were assessed in <3 studies (33 studies). Therefore, a total of 226 articles (eReference in the Supplementary Materials) comprising 13,526 MS patients and 8,428 controls were included in this meta-analysis (Flowchart see Figure 1 ).
Main Associations of MS With Blood Cytokines
We first meta-analyzed data for the blood cytokine differences between MS patients and the controls. Of the 37 blood cytokines analyzed in the meta-analysis, 21 cytokine levels were significantly increased in patients with MS when compared with the control subjects (Table 1A and Figure 2 ). For those blood cytokines significantly associated with MS, CCL20, IL-23, IL-21, IL-12p40, IL17F, IL22, and IL2R had large ESs to differentiate between MS patients and the controls (SMD 0.820-2.229). Blood IL-15, IL-2, IL-17, IL-33, and IL-16 also had good performance to differentiate between cases and controls (SMD 0.614-0.784), whereas those of TNF-α, IL-12, IL-13, CCL-5, CXCL13, IL-12p70, CXCL12, IFN-γ, and CXCL8 were moderate (SMD 0.244-0.498).
Main Associations of MS With CSF Cytokines
We next performed meta-analyses for the CSF cytokine differences between MS patients and the controls. Of the 26 CSF cytokines analyzed, the levels of 13 cytokines were significantly increased in MS patients when compared with the controls (Table 1B and Figure 3 ). For those 13 CSF cytokines significantly associated with MS, CCL21, IL-15, CCL19, CCL11, CCL3, and CXCL13 had large ESs to differentiate between MS patients and the controls (SMD 0.805-0.959), and CCL22, CXCL12, CXCL8, and IL-12p40 also had good performance to differentiate between cases and the controls (SMD 0.545-0.762), whereas those of CXCL1, IL-10, and TNF-α were moderate (SMD 0.381-0.494).
Associations of Cytokines With Medication in MS Patients
We next explored whether cytokine levels were changed in response to drug treatments in MS patients. The randomeffects meta-analysis indicated that the blood IL-12p40 and IL-10 levels were significantly increased in patients with MS after drug treatment, whereas the blood IL-6 and TNF-α levels were significantly decreased in response to drug treatment in patients (Table 1C ). In addition, the other analyzed blood cytokines including CCL-2, CXCL13, IFN-γ, and IL-17 did not show significant changes after drug treatment in the MS patients.
We have also assessed the CSF cytokine changes after drug treatment in patients, and only CSF CXCL13 had enough studies to perform a meta-analysis. Our data showed that CSF CXCL13 levels were significantly decreased in the MS patients after drug treatment ( Table 1D ).
Investigation of Heterogeneity
Of the 21 blood cytokines significantly associated with MS, IL-15, CXCL13, and CXCL12 did not show between-study heterogeneity, IL-17F and IL-12p70 showed small levels of heterogeneity, IL-21, IL-22, IL-2, and IL-13 showed moderate levels of between-study heterogeneity, while CCL20, IL-23, IL-12p40, IL-2R, IL-17, IL-33, IL-16, TNF-α, IL-12, CCL5, IFN-γ, and CXCL8 demonstrated high levels of heterogeneity among studies.
Of the 13 CSF cytokines significantly associated with MS, CCL22, and CXCL12 did not show between-study heterogeneity, CCL19, IL-12p40, and CXCL13 had small levels of heterogeneity among studies, CCL11, CXCL1, and IL-10 showed moderate levels of heterogeneity among studies, while the between-study heterogeneity levels were high for those of CCL21, IL-15, CCL3, CXCL8, and TNF-α.
We next tried to use sub-group and meta-regression analyses to assess the potential moderators that may explain the betweenstudy heterogeneity, these include relevant continuous variables (age, gender, and disease severity) and categorical variables (medication status, assay type, and MS subtype). We selected cytokines that were strongly associated with MS and also had a large number of studies (at least 20 studies) to analyze the potential moderators. Therefore, we performed sub-group and meta-regression analyses on CSF CXCL13 and blood For CSF CXCL13, the impact of heterogeneity was slightly increased for the unmedicated group (Q 15 = 25.323; P = 0.046; I 2 = 40.765), and the significance of the association between elevated CXCL13 levels and MS was retained (SMD 0.753; 95% CI, 0.555-0.951; P < 0.001). For the medicated group, the impact of heterogeneity was reduced to zero (Q 5 = 4.827; P = 0.437; I 2 = 0), and a larger ES was observed (SMD 0.883; 95% CI, 0.647-1.119; P < 0.001). We next analyzed CSF CXCL13 levels in the RRMS patients given that most of the included studies recruited this subtype of patient, and the meta-analysis showed a highly significant association between elevated CXCL13 levels and RRMS (SMD 0.760; 95%CI, 0.603-1.917; P < 0.001), and no significant association between-study heterogeneity was observed (Q 12 = 12.025; P = 0.444; I 2 = 0.212) in this subgroup.
For blood IL-17, the impact of heterogeneity was unchanged for the ELISA method (Q 20 = 275.637; P < 0.001; I 2 = 92.744), and the significance of the association between elevated IL-17 levels and MS was retained (SMD 0.607; 95%CI, 0.271-0.942; P < 0.001). For the non-ELISA method, the impact of heterogeneity was reduced by 32% (Q 5 = 13.270; P = 0.021; I 2 = 62.322), and the significance of the association between elevated IL-17 levels and MS was retained (SMD 0.593; 95%CI, 0.317-0.870; P < 0.001). In addition, the impact of heterogeneity for the unmedicated group (Q 9 = 71.654; P < 0.001; I 2 = 87.440) and medicated group were unchanged (Q 11 = 125.868; P = 0.352; I 2 = 91.261) for blood IL-17. The significance of the association between elevated IL-17 levels and MS was retained for the unmedicated group (SMD 1.050; 95%CI, 0.544-1.556; P < 0.001), but not for the medicated group (SMD 0.169; 95% CI, −0.187 
Frontiers in Neuroscience | www.frontiersin.org BAFF, B-cell activating factor; df, degrees of freedom; IFN-γ, interferon; CCL, Chemokine (C-C motif) ligand; CXCL, Chemokine (C-X-C motif) ligand; IL, interleukin; TGF, transforming growth factor; TNF, tumor necrosis factor. to 0.526; P = 0.352). Furthermore, the impact of heterogeneity was unchanged for the RRMS group (Q 18 = 236.773; P < 0.001; I 2 = 92.398), and the significance of the association between elevated IL-17 levels and MS was retained (SMD 0.552; 95% CI, 0.148-0.957; P = 0.007). Meta-regression analyses revealed a significant association between age and ES for studies measuring CSF CXCL13 (regression coefficient [SE], 1.147 [0.506]; 95%CI, 0.155-2.139; P = 0.023), but not for blood IL-17 (regression coefficient [SE], 0.194 [1.005]; 95% CI, −1.777 to 2.164; P = 0.847). The analyses also showed a significant association between sex and ES for studies measuring CSF CXCL13 (regression coefficient [SE], 1.137 [0.205]; 95%CI, 0.736-1.538; P < 0.001), but not for blood IL-17 (regression coefficient [SE], 0.859 [0.610]; 95%CI, −0.337 to 2.055; P = 0.159). In addition, we found a significant association between disease severity (EDSS) and ES for studies measuring CSF CXCL13 (regression coefficient [SE], 0.755 [0.344]; 95%CI, 0.082-1.429; P = 0.028), but not for blood IL-17 (regression coefficient [SE], 0.329 [0.789]; 95%CI, −1.218 to 1.876; P = 0.677). Moreover, the quality of the studies (Newcastle-Ottawa quality assessment scale) did not significantly affect the outcome of the meta-analysis analyzing blood IL-17 (regression coefficient [SE], 1.980 [1.062]; 95%CI, −0.103 to 4.062; P = 0.063) and CSF CXCL13 (regression coefficient [SE], 1.255 [1.204]; 95%CI, −1.104 to 3.614; P = 0.297). These results indicated that age, sex, and disease severity (EDSS) had moderating effects on the outcomes of the meta-analysis.
We further performed a sensitivity analysis by removing one study at a time, and the results showed that no single study influenced the highly significant association between CSF CXCL23, blood IL-23, and MS, suggesting the robustness of the outcomes of the meta-analysis. We next examined the publication bias using the Egger' test, and most of the blood and CSF cytokines did not show significant publication bias ( Table 1) , suggesting that the significant associations found in our meta-analysis were not likely caused by publication bias.
DISCUSSION
To the best of our knowledge, our systematic review and metaanalysis is the first undertaken to study the rapidly growing literature of cytokine aberration in MS. Our study pooled data from 226 articles encompassing 13,526 MS patients and 8,428 controls and showed that 21 cytokines were significantly increased in the peripheral blood of patients. Levels of 13 CSF cytokines were also elevated in patients with MS. For those cytokines significantly associated with MS and measured in more than 10 studies, the ESs associated with CSF CXCL13 (ES = 0.805), blood IL-2R (ES = 0.820) and blood IL-23 (ES = 1.711) were the largest, and CSF CXCL8 (ES = 0.553), blood IL-2 (ES = 0.63) and IL-17 (ES = 0.622) also performed well in order to differentiate between MS patients and the controls. Moreover, we found that TNF-α, CXCL8, IL-15, IL-12p40, and CXCL13 levels were consistently elevated in the blood and CSF of patients with MS. However, we observed a non-significant increase of the inflammation marker C-reactive protein levels in MS patients, and this is likely due to the large between-study heterogeneity, making an observation of statistical significance difficult. Therefore, our study provides the most comprehensive analysis of a cytokine profile in patients with MS, clarifying inconsistent results for individual cytokines and between studies in this devastating disease.
Multiple sclerosis (MS) has long been considered a Th1-driven autoimmune disease, and the major cytokines that characterize the Th1 lineage are IFN-γ and IL-12 (Luchtman et al., 2014) . Our data of heightened levels of IFN-γ and IL-12 in patients with MS supports the crucial role of Th1 cell dysfunction in the pathogenesis of MS, especially when both CSF and blood IL-12p40 levels were significantly increased in MS patients. In addition, levels of another Th1 related cytokine-IL2 were also elevated in the blood of MS patients, further supporting the role of Th1 cell induced inflammation in the development of MS. However, more recent studies have suggested that a proinflammatory response caused by Th17 lymphocytes is essential for the onset of MS (Luchtman et al., 2014) . The cytokines define Th17 subset lymphocytes as IL-17, IL-17F, and IL21 (Sie et al., 2014) , and IL-23 is important for the stabilization and expansion of the Th17 cells (Luchtman et al., 2014) . Consistent with the proposed role of Th17 cells in MS pathogenesis, IL-17, IL-17F, IL21, and IL-23 levels were all elevated in the blood of MS patients as demonstrated by the meta-analysis. The involvement of Th17 cells in MS pathogenesis was further supported by an animal study showing that the experimental autoimmune encephalomyelitis mice lacking either IL-23p19 or IL-23p40 did not exhibit the MS phenotype despite the typical Th1 cell induced pro-inflammatory response in an animal model of MS (Cua et al., 2003) . Due to the limited number of studies, we could not perform a meta-analysis on the CSF IL-17F, IL-21, and IL-23 levels in MS. Nevertheless, the above results suggest that both Th1 and Th17 subset lymphocytes induced inflammatory responses are crucial for the pathogenesis of MS. The RRMS diagnosis can be made based on magnetic resonance imaging according to the revised 2010 McDonald diagnostic criteria (Polman et al., 2011) , although the traditional detection of oligoclonal IgG bands in CSF is no longer required for the diagnosis of RRMS, it is still necessary to identify PPMS (Orbach et al., 2014) . In addition, the field has made intense efforts to identify novel CSF biomarkers in MS due to the close proximity of CSF to the targets of autoimmune attacks, in the hope of providing information on the pathological processes, diagnosis, prognosis, and treatment response for MS. These investigations led to several potential biomarkers in CSF to be proposed, especially the biomarkers related to inflammation (Stangel et al., 2013) . However, there is no consensus on the proposed biomarkers due to the poor comparability between different laboratories and insufficient validations from independent research groups. Here, we pooled the inflammatory cytokine data from the literature and standardized the mean difference of cytokines between MS patients and the controls, and identified several cytokines that were consistently elevated in the CSF of patients with MS. Of the CSF cytokines analyzed in a relatively large number of studies, 22 out of 23 of these comparisons between cases and controls for CXCL13 had an SMD above zero, and the average SMD is 0.805, suggesting the robustness of CSF CXCL13 to differentiate between MS patients and controls. Our meta-analysis also showed significantly decreased CSF CXCL13 levels after medication in patients with MS, which is consistent with the study showing the unchanged CSF CXCL13 level in long-term medicated patients with MS, when compared with the controls (Bielekova et al., 2012) . Moreover, The CSF CXCL13 levels were demonstrated to be correlated with the disease course of MS (Sellebjerg et al., 2009; Brettschneider et al., 2010; Khademi et al., 2011) . These results suggest that CSF CXCL13 should be used in clinical practice for the diagnosis of MS, and CSF CXCL13 also has the potential to be a biomarker for drug treatment response and disease progression of MS, although further investigations are required to validate this, due to the limited number of studies in the literature.
In addition to the biomarker discovery in the CSF of MS patients, great efforts have been made to search for cytokine biomarkers in the blood because peripheral inflammation are also believed to be crucial for the MS pathogenesis (Hemmer et al., 2015) and blood is easily accessible. Of the blood inflammatory markers measured in at least 10 studies, IL-23 had a very large ES to differentiate between MS patients and the controls (SMD = 1.711). Ten out of 11 of these comparisons between cases and controls for IL-23 had an SMD above zero, and the only study that did not show increased blood IL-23 levels in patients with MS had a small sample size. These results suggest that blood IL-23 should be used for a biomarker to differentiate between MS patients and controls. In addition, several other blood cytokines such as IL-17F and IL-22 were also consistently elevated in MS patients with large ESs, suggesting the potential of these cytokines in the diagnosis of MS. More studies, however, are needed to validate these results. Altogether, our systematic review and meta-analysis identified a number of promising biomarkers both in the blood and CSF for the diagnosis and treatment response of MS. The head to head cytokine biomarker performance for the diagnosis and treatment response is shown in Figure 4 .
The between-study heterogeneity in this meta-analysis for blood and CSF cytokines varied from zero to high. To address the between-study heterogeneity, we used subgroup and metaregression analyses to address the potential confounders that may have moderating effects on the outcomes of the metaanalysis. Our subgroup analyses suggest that levels of betweenstudy heterogeneity were affected by medication status for CSF CXCL13 and assay type for blood IL-17, suggesting that medication and assay type had moderating effects on the outcomes of the meta-analysis. However, another possibility of the low levels of between-study heterogeneity for some subgroups were due to the relatively small number of studies. In addition, the meta-regression analyses showed that both age, gender and disease severity were significantly correlated with ESs for studies measuring CSF CXCL13 levels. The moderating effects of age and gender on the outcomes on the meta-analysis are reasonable given that the prevalence of the disease is twice as common in women than in men (Milo and Kahana, 2010) , and it has been reported that older age at MS onset had worse symptoms (Alroughani et al., 2016) . Nevertheless, our findings suggest that those clinical and methodological variables need to be controlled for future studies analyzing cytokines in MS.
Although our study provided the most comprehensive analyses of the growing literature for cytokines in the blood and CSF of MS patients, the limitation of this study is that the methods used in the studies for the measurements of cytokines were research-grade but not clinically certified, therefore preventing us in making cutoff values for the diagnosis of MS. As the European Network for Biomarkers in MS recommend, future studies that measure the biomarkers for MS need to standardize CSF sampling and protocols (Teunissen et al., 2009 ). Our study nevertheless provides several promising biomarkers such as CSF CXCL13 and blood IL-23 to be developed as clinically certified assays for the diagnosis of MS, and this may require international collaborations. Another limitation of this study is that a
